Apical membrane antigen 1 (AMA1) is considered one of the leading candidates for inclusion in a vaccine against blood stages of Plasmodium falciparum. Although the ama1 gene is relatively conserved compared to those for some other potential vaccine components, numerous point mutations have resulted in amino acid substitutions at many sites in the polypeptide. The polymorphisms in AMA1 have been attributed to the diversifying selection pressure of the protective immune responses. It was therefore of interest to investigate the impact of sequence diversity in P. falciparum AMA1 on the ability of anti-AMA1 antibodies to inhibit the invasion of erythrocytes in vitro by P. falciparum merozoites. For these studies, we used antibodies to recombinant P. falciparum 3D7 AMA1 ectodomain, which was prepared for testing in early clinical trials. Antibodies were raised in rabbits to the antigen formulated in Montanide ISA720, and human antibodies to AMA1 were isolated by affinity purification from the plasma of adults living in regions of Papua New Guinea where malaria is endemic. Both rabbit and human anti-AMA1 antibodies were found to be strongly inhibitory to the invasion of erythrocytes by merozoites from both the homologous and two heterologous lines of P. falciparum. The inhibitory antibodies targeted both conserved and strain-specific epitopes within the ectodomain of AMA1; however, it appears that the majority of these antibodies reacted with strain-specific epitopes in domain I, the N-terminal disulfide-bonded domain, which is the most polymorphic region of AMA1.
Plasmodium falciparum infections in malaria-naïve individuals can lead to severe morbidity, which may be life threatening if untreated. Continued exposure to infection leads to a degree of immunity, and consequently, older children and adults living in areas of endemicity are protected from the severe clinical consequences of infection with P. falciparum. The effector mechanisms that mediate naturally acquired immunity to malaria are not completely understood, but antibodies to the asexual blood stage parasites play a role. This has been most clearly demonstrated by the reduction of parasitemias following the passive immunization of children with clinical malaria with immunoglobulin G (IgG) from malariaimmune adults (6, 7, 32) .
Antigens recognized by antibodies that are active in passiveimmunization experiments are prime candidates for testing in a vaccine. Studies with an assay for antibody-dependent cellular inhibition have identified antibodies to MSP3 as an active component of passively transferred human IgG (28) , but much evidence indicates that other merozoite antigens are capable of inducing antibodies that limit parasite development (13-15, 17, 26, 29, 33, 34) .
One of the prime candidate antigens for inclusion in a malaria vaccine is apical membrane antigen 1 (AMA1). AMA1 is an 83-kDa antigen that is synthesized in mature stages of the parasite and is initially localized in the necks of the rhoptry organelles (9, 30) . At about the time of merozoite release, the full-length 83-kDa molecule is localized at the apical pole, and an N-terminally processed form of 66 kDa can be detected distributed around the merozoite surface (27, 30) . Although the biological function of AMA1 is unknown, its location and stage specificity suggest that it may be involved in the process of erythrocyte invasion.
AMA1 is one of only a few asexual blood stage antigens that have been identified in all Plasmodium species examined (42) , and this has enabled the vaccine potential of AMA1 to be investigated using various animal models. Active immunization of monkeys or mice with either native (11) or recombinant (2, 8) forms of AMA1 has protected these animals against simian and rodent parasites, respectively. Much evidence indicates that anti-AMA1 antibodies mediate protection. Monoclonal antibodies raised against P. falciparum AMA1 and against PK66, the Plasmodium knowlesi homologue of AMA1, inhibit merozoite invasion in vitro (20, 35) . Furthermore, passive immunization of AMA1-specific polyclonal antibodies into Plasmodium chabaudi-infected mice prevented lethal parasitemias (2) . These protective antibodies react with conformational epitopes stabilized by disulfide bonds, as immunization with the reduced and alkylated AMA1 failed to protect mice against challenge with P. chabaudi (10) .
The sequence of AMA1 is relatively conserved among various Plasmodium spp., with the level of amino acid sequence identity exceeding 50% in pairwise comparisons among all known sequences (5, 12, 24, 25, 31, 42) . AMA1 lacks the sequence repeats and marked polymorphisms found in other malaria antigens, such as the merozoite surface antigens MSP1 and MSP2 (3). However, some sequence variation, resulting from point mutations, is observed among alleles of AMA1 in P. falciparum (25, 30, 36) , P. knowlesi (43) , Plasmodium vivax (5), and P. chabaudi (10) , and studies with the P. chabaudi-mouse model indicate that this variation is immunologically significant. Mice immunized with AMA1 or receiving passively trans-ferred anti-AMA1 antibodies were not protected from a heterologous strain of P. chabaudi parasites, indicating that the protective antibodies recognized strain-specific epitopes.
Early clinical trials with AMA1 have commenced, and it is important to determine the effect of sequence diversity on the efficacy of the recombinant AMA1 as a vaccine against P. falciparum. In this study, we demonstrate that immunization of rabbits with the refolded P. falciparum AMA1 ectodomain (the vaccine molecule) induces antibodies that inhibit merozoite invasion in vitro. The refolded antigen has also been used to affinity purify AMA1-specific antibodies from the plasma of individuals who have been exposed to chronic malaria infections. These naturally occurring human antibodies were also able to inhibit the invasion of erythrocytes by P. falciparum merozoites.
MATERIALS AND METHODS
Abbreviations. AMA1, apical membrane antigen 1; AMA1B, apical membrane antigen 1 ectodomain; ABTS, 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); BSA, bovine serum albumin; ELISA, enzyme-linked immunosorbent assay; IFA, immunofluorescence assay; M r , relative molecular mass; MSP1, merozoite surface protein 1; MSP2, merozoite surface protein 2; MSP3, merozoite surface protein 3; PBS, phosphate-buffered saline; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Preparation of recombinant AMA1 ectodomain. The ectodomain of AMA1 from the 3D7 strain of P. falciparum was expressed in Escherichia coli with an N-terminal hexa-His tag to allow purification by Ni-chelate chromatography. Nucleotide sequences corresponding to the ectodomain (AMA1B) were amplified from genomic 3D7 DNA by using Pfu DNA polymerase and oligonucleotide primers consisting of nucleotides 73 to 91 and 1422 to 1437. The amplified products were digested with BamHI and PstI, purified after agarose gel electrophoresis with the Magic PCR Preps purification system (Promega, Madison, Wis.), ligated into pDS56/RBS11/6xHis (Roche, Basel, Switzerland), and transformed into E. coli strain JPA101. Bacterial colonies containing inserts with the correct AMA1B sequence were identified by sequencing plasmid DNA prepared from individual colonies. (It was subsequently found that the sequence of the selected clone of 3D7 AMA1B differed from the published AMA1 sequence [24] in two sites: nucleotide 362 was changed from A to G [codon change GAA to GGA], resulting in a glycine residue at position 121 in the protein sequence, and nucleotide 1611 was changed from G to A [codon change GAA to AAA], resulting in a substitution of K for E at position 537 in the protein sequence.) Selected colonies were shown to be expressing the AMA1B recombinant protein by reactivity on immunoblots with a pool of plasma derived from adult Papua New Guinean blood donors.
In early studies, a procedure essentially the same as that described for the extraction of P. chabaudi antigen from washed inclusion bodies was used for the purification of P. falciparum 3D7 AMA1B (1) . Recently, a modified procedure, which will be described in detail elsewhere (V. Murphy, A. N. Hodder, P. E. Crewther, and R. F. Anders, unpublished data), has been developed, with a significant improvement in the yield of purified refolded protein. In this modified procedure, the induced E. coli cell pellet was solubilized in 6 M guanidine-HCl, pH 8.0, and after clarification by centrifugation, the supernatant was initially incubated in batch mode for 2 h with Ni-nitrilotriacetic acid resin (Qiagen GmbH, Hilden, Germany). The fall-through, containing unbound proteins, including approximately 50% of the expressed AMA1, was incubated overnight with a second batch of Ni-nitrilotriacetic acid resin. After a series of washes (10 column volumes each) with 6 M guanidine-HCl (pH 8.0, 6.3, and 5.9), the bound AMA1 was eluted with 6M guanidine-HCl (pH 4.5) buffer. The protein was then refolded by dilution in a buffer containing 1 mM reduced glutathione and 0.25 mM oxidized glutathione as previously described (2) . The refolded protein was purified further by anion-exchange chromatography followed by reversed-phase high-performance liquid chromatography or gel permeation chromatography.
Preparation of rabbit antisera. Rabbit antisera were raised to recombinant refolded AMA1B or reduced and alkylated AMA1B by immunization with 100 to 200 g of the antigen emulsified in Montanide ISA720 (SEPPIC, Paris, France). The primary immunization was intramuscular, and subsequent immunizations were subcutaneous. Individual or pooled rabbit sera were heat inactivated at 56°C for 20 min and then sterilized by filtration through a 0.22-mpore-size filter.
IgG was affinity purified from pooled rabbit sera using protein G-Sepharose (Pharmacia Biotech, Uppsala, Sweden). Bound IgG was eluted with 0.1 M glycine (pH 2.6), neutralized, and then dialyzed against PBS. The antibody solution was sterilized by passage through a 0.22-m-pore-size filter, adjusted to 5 mg/ml, and stored at 4°C.
Parasite culture. Various strains of P. falciparum were cultivated in vitro using erythrocytes of blood group O ϩ according to the method of Trager and Jensen (39) . The parasites were grown in RPMI 1640 supplemented with 25 mM HEPES, 24 mM NaHCO 3 , 25 mg of gentamycin/ml, 50 mg of hypoxanthine/liter, 0.25% (wt/vol) lipid-rich BSA (AlbuMax II cell culture grade 11021-045; Gibco-BRL, Life Technologies, Auckland, New Zealand), and 5% (vol/vol) heat-inactivated nonimmune human serum from O ϩ clotted blood (complete medium) at a 4% hematocrit. The origins of the P. falciparum isolates have been described previously (25) .
Inhibition of merozoite invasion in vitro. P. falciparum cultures were synchronized by treatment with sorbitol (23). Late-trophozoite or early-schizont-stage parasites were purified from synchronous cultures by centrifugation on 80-60-50-40% layered Percoll (Pharmacia Biotech) as described by Aley et al. (1) . The parasites were diluted with uninfected erythrocytes to give a parasitemia of 2% and a hematocrit of 2% in complete medium unless otherwise specified.
Parasites were aliquoted (180 l) into sterile flat-bottomed 96-well microtiter plates (Falcon 3072; Becton-Dickson, Lincoln Park, N.J.) to which 20 l of test antibody was added. Instead of antibody solution, 20 l. PBS was added to control wells. Cultures were incubated at 37°C in 5% CO 2 and 1% O 2 in N 2 . After 24 h, a thin smear was made from each well, fixed in methanol, stained with Giemsa's stain, and examined by oil immersion light microscopy. The number of ring-stage parasites in at least 2,000 erythrocytes was determined and expressed as a percentage. The percentage of inhibition was calculated as follows: [1 Ϫ percent parasitemia with test antibodies/percent control parasitemia] ϫ 100%. The mean value of percent inhibition and the standard error of each mean were calculated from triplicate experiments.
Preparation of affinity matrices. AMA1 ectodomain and BSA were coupled to CNBr-activated Sepharose 4B as recommended by the manufacturer (Pharmacia Biotech), using a ratio of 1 mg of protein to 1 ml of CNBr-activated Sepharose. The remaining active groups on the support were blocked with an excess of Tris-HCl.
Affinity purification of human anti-AMA1 IgG from pooled hyperimmune plasma. Pooled outdated plasma obtained from the Papua New Guinea Red Cross blood bank was heat inactivated at 56°C for 20 min and then sterilized by passage through a 0.22-m-pore-size filter. Human IgG from 20 ml of heatinactivated plasma was purified using protein G Sepharose (Pharmacia Biotech) according to the manufacturer's instructions. The eluted IgG was dialyzed against PBS and then sterilized by passage through a 0.22-m-pore-size filter.
The IgG preparation was further purified using an AMA1-Sepharose 4B affinity matrix after passage over a BSA-Sepharose 4B column to decrease background binding. The antibodies were eluted at pH 2.6 as described above, neutralized, and exchanged into PBS using PD-10 columns (Pharmacia Biotech). The preparation was concentrated using Centricon-30 concentrators (Amicon, Beverly, Mass.), passaged through a 0.22 m-pore-size filter, and stored at 4°C.
IFAs. Synchronized 3D7 schizonts at 4% parasitemia and 4% hematocrit were pelleted from culture and washed three times with RPMI 1640-25 mM HEPES-24 mM NaHCO 3 buffer. Thin smears for analysis of parasite morphology were prepared as described elsewhere (4) . Thick smears were prepared on 12-well multitest microscope slides (ICN, Aurora, Ohio). The dried smears were fixed in ice-cold acetone for 2 min and then air dried. If they were not used immediately, the acetone-fixed air-dried smears were stored with desiccant at Ϫ20°C.
Plasma or affinity-purified antibodies were diluted in a threefold series using 0.5% BSA-PBS as the diluent. Aliquots (20 l) of the diluted plasma or antibodies were placed in duplicate wells and allowed to incubate for 1 h at room temperature in a humidified atmosphere. Each slide was washed extensively in PBS, and then 20 l of either sheep anti-rabbit Ig-fluorescein isothiocyanate conjugate (Silenus, Melbourne, Australia) or sheep-anti human Ig-fluorescein isothiocyanate conjugate (Silenus) at 1:200 in 0.5% BSA-PBS was added to each well and left to incubate for 1 h at room temperature in a moist atmosphere. The slides were washed extensively in PBS and allowed to dry shielded from direct light. Vectashield mounting medium (Vector Laboratories, Burlingame, Calif.) was placed under each coverslip to preserve the fluorescence, and the slides were left in an airtight container for 24 h before being examined by fluorescence microscopy.
ELISA procedure. The titer of anti-AMA1 antibodies was determined by ELISA using microtiter plates (Dynex Technologies Inc., Chantilly, Va.) coated overnight at 4°C with P. falciparum 3D7 AMA1B diluted in PBS (2 g/ml). After being coated, the plates were blocked by incubation for at least 60 min with 5% (wt/vol) skim milk in PBS, pH 7.3 (BLOTTO). Half-log 10 serial dilutions of each serum sample were prepared in duplicate and incubated in the antigen-coated wells for 2 h at room temperature. After being washed (three times with PBS-0.05% [vol/vol] Tween 20 and then two times with water), a 1:1,000 dilution of horseradish peroxidase-conjugated sheep anti-rabbit IgG (Silenus) was added to each well. After a further 2-h incubation at room temperature and washing, SDS-PAGE and immunoblotting procedures. Saponin-lysed parasites were solubilized in SDS-PAGE (22) sample buffer with or without ␤-mercaptoethanol as a reducing agent and then fractionated on 10% polyacrylamide discontinuous gels. Prestained Kaleidoscope molecular weight markers (BioRad, Hercules, Calif.) were used throughout. Proteins were electrophoretically transferred to nitrocellulose (Sartorius, Gottingen, Germany; 0.45-m pore size) as described by Towbin et al. (38) . Immunoblotting was performed using procedures described previously (9) . The protein bands on the immunoblots were visualized using a chemiluminescent substrate (Pierce, Rockford, Ill.) according to the manufacturer's instructions.
RESULTS
Recombinant refolded P. falciparum AMA1B induces hightiter antibody responses in rabbits. Immunization of rabbits with recombinant P. falciparum AMA1 induced high titers of anti-AMA1 antibodies (Table 1) . When measured by ELISA on the immunogen, titers ranged from log 10 4.5 to log 10 6.0 after the first immunization and log 10 6.0 to log 10 6.5 after the third immunization. Indirect IFAs showed that these antibodies reacted with AMA1 in P. falciparum-infected erythrocytes, and the IFA titer also increased with the number of immunizations, reaching 1:81,000 to 1:243,000 after the third immunization. The punctate immunofluorescence pattern seen for schizont-stage parasites in the IFAs was consistent with the IF pattern previously reported for AMA1 (4, 26) . In addition, the results from IFAs conducted on thin blood smears of asynchronous parasite cultures showed free merozoites with intense apical fluorescence and weaker surface fluorescence (Fig. 1b) . Early-ring-stage parasites also fluoresced (Fig. 1c) , consistent with other evidence suggesting that AMA1, or a processed form of AMA1, is carried into the erythrocyte with the invading merozoite (27) .
The reactivity of these rabbit anti-AMA1 antibodies with both parasite AMA1 and the recombinant AMA1B was confirmed by immunoblot analysis (Fig. 2A) . Antibodies predominantly recognized parasite polypeptides of approximately 83,000 and 66,000 M r , which are consistent with previously reported values for the full-length and processed forms of AMA1 seen in parasitized erythrocytes (9) . In reduced samples, there was no size polymorphism evident for AMA1 in the different parasite lines studied. In contrast, the nonreduced form of 3D7 AMA1 was found to migrate faster than nonreduced forms of D10 and HB3. We attribute this behavior to differences in physicochemical properties among the three folded antigens arising from variation in the surface amino acid substitutions, as the predicted molecular masses of the three antigens are nearly identical. The anti-AMA1 antibodies also reacted with higher-M r species in the parasite samples prepared in nonreducing sample buffer ( Fig. 2A ). An antigen of approximately 110,000 M r was prominent in 3D7 and HB3 parasite extracts but was not seen clearly in D10. The identities of these higher-molecular-weight antigens are unknown, but reactivity with these antigens and the parasite AMA1 polypeptides was removed by absorption with recombinant AMA1 (data not shown).
FIG. 1. IFA of the subcellular localization of AMA1 in mature schizonts (a), free merozoites (b), and ring stages (c) of P. falciparum 3D7 with rabbit anti-AMA1 antibodies. Note that control IFAs using antibodies isolated from the same rabbits prior to immunization with AMA1 gave negligible background fluorescence (data not shown). The antibodies raised to the refolded recombinant AMA1 ectodomain reacted strongly in immunoblots with recombinant AMA1 electrophoresed under reducing and nonreducing conditions ( Fig. 2A) . Although these antibodies were raised to an antigen that was refolded by in vitro methods, the existence of some incompletely folded conformers may have resulted in the generation of antibodies to linear epitopes. Alternatively, limited refolding of the reduced antigen during SDS-PAGE and the immunoblotting procedure may reconstitute reactivity with conformation-dependent antibodies.
Rabbit antibodies to the reduced and alkylated AMA1 reacted poorly with the nonreduced samples of parasite AMA1 from different strains and the refolded recombinant AMA1 but reacted strongly with the equivalent samples electrophoresed in reducing sample buffer (Fig. 2B) . This observation indicates that these antibodies are targeted predominantly toward linear epitopes that are not available in the refolded recombinant AMA1 or the native, parasite-derived AMA1 due to conformational restraints imposed by disulfide bonds.
Rabbit anti-AMA1 total IgG inhibits P. falciparum invasion of erythrocytes. Initially, the ability of anti-AMA1 antibodies to block merozoite invasion in vitro was examined by supplementing culture medium with 10% rabbit serum. In these experiments, sera from all three rabbits immunized with refolded recombinant AMA1 inhibited merozoite invasion. The level of inhibitory activity in the rabbit sera increased with the number of immunizations, in parallel with the increase in titer of anti-AMA1 antibodies as determined by ELISA and IFA (Table 1) .
More-detailed investigations of the inhibitory activity of rabbit anti-AMA1 antibodies were carried out with IgG fractions isolated on protein G-Sepharose. Invasion of erythrocytes by merozoites from various strains of P. falciparum was inhibited in a concentration-dependent manner by IgG isolated from the sera of rabbits immunized with the refolded recombinant P.
FIG. 2.
Immunoblots of saponin-lysed parasite extracts electrophoresed under nonreducing (left) and reducing (right) conditions. The immunoblots were probed with either rabbit anti-refolded P. falciparum 3D7 AMA1B antibodies (A) or rabbit anti-reduced and alkylated P. falciparum 3D7 AMA1B antibodies. Lanes 1, saponin-lysed uninfected erythrocytes; lanes 2, saponin-lysed P. falciparum 3D7 schizonts; lanes 3, saponin-lysed P. falciparum D10 schizonts; lanes 4, saponin-lysed P. falciparum HB3 schizonts; lanes 5, recombinant P. falciparum 3D7 AMA1B. falciparum 3D7 AMA1B (Fig. 3, plots a, b, and c) . The antibodies inhibited invasion by the homologous 3D7 line as well as two heterologous parasite lines (D10 and HB3). The lowest inhibition was observed for HB3, and of the two heterologous lines, the HB3 AMA1 sequence is the more distantly related to 3D7 AMA1. Unexpectedly, the degree of inhibition with D10 was greater than that observed with the homologous 3D7 parasite line. This has been a consistent observation in several experiments using total IgG from rabbits immunized with the refolded AMA1 ectodomain. Control IgG preparations from rabbits that were immunized with the reduced and alkylated AMA1, and from nonimmunized rabbits, were not inhibitory (Fig. 3, plots d and e) .
Human AMA1-specific IgG inhibits P. falciparum invasion of erythrocytes. Anti-AMA1 antibodies are found at high titer in the plasma or serum of individuals living in areas where malaria is endemic (37) . Human anti-AMA1 antibodies were affinity purified from a pool of plasma obtained from Papua New Guinean blood donors who had previously been found to have high titers of antibodies to a variety of P. falciparum asexual blood-stage antigens. Quantitation of antibodies by ELISA with P. falciparum 3D7 AMA1 as the adsorbent showed that Ͼ99% of the anti-AMA1 antibodies were depleted from the pool by three passages over the immunosorbent and the majority of AMA1-specific antibodies were recovered in the combined eluates (data not shown).
The affinity-purified human anti-AMA1 antibodies reacted in immunoblots with the parasite AMA1 from each P. falciparum line and the recombinant refolded P. falciparum 3D7 AMA1 ectodomain when these antigens were electrophoresed in the presence of nonreducing sample buffer. In contrast, these antibodies reacted poorly with the reduced forms of the proteins (Fig. 4) . Hence, the refolded AMA1 ectodomain used for the production of the immunoadsorbent has allowed purification of antibodies that predominantly recognize AMA1 epitopes stabilized by disulfide bonds. The affinity-purified anti-AMA1 IgG also cross-reacted with some protein species having much higher relative molecular weights than those expected for AMA1 in both nonreduced and reduced sample buffer (Fig. 4) . Because only a faint reactivity is observed for a similar loading of proteins derived from saponin-lysed uninfected human erythrocytes, it seems likely that the cross-reactivity is due to related parasite antigens or complexes containing AMA1.
When tested in the in vitro merozoite invasion assay, the affinity-purified human anti-AMA1 antibodies inhibited the various strains of P. falciparum in a manner similar to that observed for rabbit IgG raised to the refolded P. falciparum 3D7 AMA1 ectodomain (Fig. 5) . The inhibitory effect was dose dependent and strain specific, with HB3 the least inhibited, whereas as seen with the rabbit antibodies, D10 was more inhibited than the homologous 3D7 strain. At 20 g/ml, little inhibition of merozoite invasion was observed for 3D7 and HB3, whereas at this low concentration of antibodies, D10 was still inhibited by more than 50%.
FIG. 3. Inhibition of merozoite invasion by rabbit anti-AMA1 antibodies (3D7 [plot a], D10 [plot b], and HB3 [plot c])
. The effects on 3D7 of two control sera, rabbit anti-reduced and alkylated P. falciparum 3D7 AMA1B antibodies (plot d) and rabbit antibodies from a pool of prebleeds (plot e), are also shown. The data represent the means and standard errors of the mean for triplicate assays.
DISCUSSION
AMA1 is regarded as a likely component of a malaria vaccine targeting the asexual blood stages of P. falciparum. This antigen is located on the surfaces of merozoites (27) and is relatively conserved compared to MSP1 and MSP2, two other vaccine candidates found in this location. AMA1 lacks the variable repeat sequences found in many malarial proteins, but numerous amino acid substitutions are present in P. falciparum AMA1. The distribution and nature of these amino acid sub- In control experiments (a1, b1, and c1) PBS rather than affinity-purified IgG was added to the cultures. The data represent the means and standard errors of the mean for triplicate assays. The affinity-purified anti-AMA1 antibodies corresponded to ϳ0.5% of the total IgG obtained from the pooled sera. In hyperimmune individuals, whose total IgG is estimated to be approximately 20 mg/ml, this would correspond to a physiological anti-AMA1 antibody concentration of 100 g/ml. See Materials and Methods for further details.
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SPECIFICITY OF PROTECTIVE ANTIBODY RESPONSE TO AMA1 3291 stitutions is consistent with selection by protective immune responses (10) . Since AMA1 is currently undergoing the first phase of evaluation in clinical trials, it is important to assess whether one form of the antigen can protect against lines of P. falciparum expressing antigenically diverse forms of AMA1. As part of this assessment, we have used inhibition of merozoite invasion in vitro to examine the anti-parasitic specificities of anti-AMA1 antibodies. Two types of anti-AMA1 antibodies have been used in these studies: (i) antibodies produced by immunizing rabbits with the vaccine being used in clinical trials (P. falciparum 3D7 AMA1B emulsified in Montanide ISA720) and (ii) antibodies affinity purified from the plasma of hyperimmune individuals living in a region of Papua New Guinea where malaria is endemic. In immunofluorescence assays, both types of antibodies gave the punctate fluorescence pattern on mature schizonts typical of AMA1 and other antigens located in the rhoptries (27) . Both reagents stained the surfaces of merozoites with apical intensity, but the rabbit antibodies reacted more strongly with ring stages. Thus, there appear to be different anti-AMA1 specificities in the two polyclonal anti-AMA1 reagents. On immunoblots, rabbit and human anti-AMA1 antibodies reacted strongly with both parasite-derived full-length and processed forms of AMA1 and the recombinant antigen when these proteins were electrophoresed under nonreducing conditions. In contrast, the rabbit antibodies, but not the affinity-purified human antibodies, reacted strongly on immunoblots with AMA1 electrophoresed under reducing conditions, providing further evidence of a difference in fine specificity. The human antibodies reacted preferentially with conformational epitopes stabilized by disulfide bonds.
The rabbit, but more particularly the affinity-purified human, anti-AMA1 antibodies reacted on immunoblots with some higher-molecular-weight proteins in infected erythrocytes. It appears that at least some of these high-molecularweight species were disulfide-bonded protein complexes, as they were not seen by the rabbit antibodies when samples were electrophoresed under reducing conditions. The detection of these high-molecular-weight species by anti-AMA1 antibodies may result from the presence of AMA1 in natural protein complexes, or it may reflect the presence of cross-reacting epitopes in other P. falciparum antigens, e.g., MAEBL (19) . We cannot exclude the possibility that cross-reactions with these other antigens contributes to the inhibition seen in the merozoite invasion assay.
Both the rabbit and the affinity-purified human anti-AMA1 antibodies inhibited merozoite invasion of erythrocytes. Several lines of evidence support our conclusion that the inhibition seen in merozoite invasion assays was due to anti-AMA1 antibodies. First, the level of inhibitory activity in rabbit sera increased with the number of immunizations. Second, the inhibitory activity paralleled the antibody titers determined by ELISA on recombinant AMA1 and by IFA on infected erythrocytes. Third, inhibition was obtained with rabbit sera, rabbit IgG isolated on protein G-Sepharose, and affinity-purified human anti-AMA1 antibodies. Furthermore, IgG isolated from the sera of rabbits immunized with reduced and alkylated AMA1 ectodomain, formulated in the same adjuvant, did not inhibit merozoite invasion. This indication that the inhibitory antibodies react predominantly with conformational epitopes stabilized by disulfide bonds is consistent with the observation that mice immunized with the refolded but not the reduced and alkylated P. chabaudi AMA1 ectodomain were protected from parasite challenge (2) .
Rabbit and human anti-AMA1 antibodies inhibited the invasion of human erythrocytes by merozoites from both the homologous 3D7 strain and the heterologous D10 and HB3 strains of P. falciparum, in a dose-dependent manner. Thus, some of the inhibitory antibodies in these polyclonal reagents recognize conserved epitopes in the AMA1 ectodomain. This is consistent with the observation that inhibitory rat monoclonal antibodies recognize AMA1 epitopes found in all P. falciparum isolates examined and which are conserved in Plasmodium reichenowi (20, 21) . However, HB3, one of the two heterologous parasite lines studied, was markedly less inhibited than was the homologous 3D7 line or D10, the other FIG. 6 . Schematic showing the locations of amino acid differences between 3D7 and two other lines of P. falciparum. The AMA1 sequence for D10 differs from 3D7 by 9 amino acids, while the AMA1 sequence for HB3 differs by 24 amino acids. The domain structure for AMA1 is based on the disulfide bond pattern determined by Hodder et al. (16) .
heterologous line. Although all P. falciparum AMA1 sequences are closely related (Ͼ95% identity), of the AMA1 alleles sequenced, HB3 is one of the most distant from the 3D7 sequence, with 23 amino acid differences in the ectodomain (Fig.  6 ). In contrast, only eight amino acid differences distinguish the 3D7 and D10 sequences (Fig. 6) . The majority of the amino acid differences between 3D7 and HB3 (16 of 23) are located between the first and sixth conserved cysteine residues. In contrast, the 3D7 and D10 sequences are identical in this region of AMA1, which falls within the putative domain I (16). The total alignment of AMA1 sequences shows domain I to be the most diverse region of the molecule (25) , and the relative inhibitions of the three lines of P. falciparum observed in this study indicate that many of the inhibitory antibodies recognize strain-specific epitopes in this region of AMA1.
Unexpectedly, in several independent experiments, the degree of inhibition with D10, one of the heterologous lines studied, was greater than that seen with the homologous 3D7 parasite line. Of the eight amino acid differences between the AMA1 sequences of 3D7 and D10, three are found in the prosequence, one is found in domain II, and four are found in domain III. It is not obvious how these differences in the AMA1 sequences could explain an increased level of inhibition of the heterologous parasite line, and it is possible that some aspect of parasite biology that differs between the 3D7 and D10 lines (e.g., cytoadherence phenotype or invasion pathway) is modulating the inhibitory activity of the AMA1 antibodies.
Analysis of the pattern of mutations in AMA1 has led to the conclusion that at least some of the sequence diversity has arisen as a result of positive selection (10, 18, 40, 41) . The present study, which has demonstrated that inhibitory rabbit and naturally occurring human anti-AMA1 antibodies recognize both strain-specific and conserved epitopes, provides strong evidence in support of the conclusion that AMA1 is a natural target of protective antibody responses.
In summary, this study has demonstrated that antibodies to one form of AMA1 are capable of inhibiting the invasion of erythrocytes by merozoites from three lines of P. falciparum expressing different forms of AMA1. Although clinical evaluation of the construct (AMA1B) used in these studies will continue, the results reported here indicate that an AMA1 construct lacking the most variable domain, domain I, may help to direct the immune response to a region(s) of the molecule that contains conserved epitopes found in all strains of P. falciparum.
